In various studies, chronic elevation of corticosterone levels in female birds under natural or experimental conditions resulted in female biased offspring sex ratios. In chicken, one study with injected corticosterone resulted in a male sex ratio bias. In the current study, we chronically elevated blood plasma corticosterone levels through corticosterone feeding (20 mg/kg feed) for 14 days using 30 chicken hens in each of treatment and control groups and studied the primary offspring sex ratio (here defined as the proportion of male fertile eggs determined in freshly laid eggs, i.e., without egg incubation). Mean plasma corticosterone concentrations were significantly higher in the treatment group but were not associated with sex ratio, laying rate, and fertility rate. Corticosterone treatment by itself did not affect egg sex but affected sex ratio as well as laying rate and fertility rate in interaction with hen body mass. Body mass had a negative association with sex ratio, laying rate, and fertility rate per hen in the corticosterone group, but a positive association with sex ratio in untreated hens. These interactions were already seen when taking the body mass at the beginning of the experiment, indicating intrinsic differences between light and heavy hens with regard to their reaction to corticosterone treatment. The effects on laying rate, fertility rate, and sex ratio suggest that some factor related to body mass act together with corticosterone to modulate ovarian functions. We propose that corticosterone treatment in conjunction with hen body mass can interfere with meiosis, which can lead to meiotic drive and to chromosomal aberrations resulting in postponed ovulation or infertile ova. body mass, chicken, corticosterone feeding, female sex ratio bias, fertility rate, laying rate, primary sex ratio, unincubated eggs
INTRODUCTION
In species with chromosomal sex determination, Mendelian sex chromosome segregation, leading to a primary sex ratio (the sex ratio after meiosis or fertilization) of 0.5, may be expected, provided that the costs of producing and raising sons or daughters are equal [1] . However, according to sex allocation theory, under certain conditions, the sex ratio may depart from parity, which may have selective advantage when costs of producing and rearing or the fitness returns from different sexes differ [1] [2] [3] . Sex ratio biases in relation to environmental or maternal factors have now been demonstrated in a wide variety of taxa (see the references in [4] ).
Birds are an interesting case because the female is the heterogametic sex, therefore potentially in charge of determining the sex ratio of their offspring. Previous studies have demonstrated that the sex ratio in various birds species changed in response to several environmental cues such as diet quality and mate quality [5] [6] [7] [8] and maternal body condition [9] [10] [11] [12] [13] [14] [15] as predicted by sex allocation theory. Hormones could potentially mediate signaling between environmental cues and physiological mechanisms that lead to a primary sex ratio bias. Indeed, in birds under field or experimental conditions, correlations were seen between sex ratio and maternal blood levels of corticosterone [5, 10, 16] and testosterone [5, 10, 17] . In addition, other studies showed that experimental manipulation of progesterone [18] , testosterone [10, 17, [19] [20] [21] , and corticosterone [4, 5, 16, [22] [23] [24] [25] [26] [27] induced sex ratio biases. Both corticosterone and body condition were shown to be associated with sex ratio either within the same experiment [10] or in different experiments (see the references above). It is therefore not certain which of these two factors is the direct cause of sex ratio bias. The physiological mechanisms responsible for primary sex ratio bias in birds remain, however, unknown (see reviews [4, [28] [29] [30] ). One of the proposed mechanisms is that these hormones influence sex chromosome segregation during meiosis (for more details, see [31] ).
Sex ratio studies focusing on corticosterone in birds have revealed inconsistent results because both male [25] [26] [27] and female [4, 5, 16, 24] biased offspring ratios have been reported in relation to elevated corticosterone. These contradictory results, with different birds species and using different methods of corticosterone treatment, demand further exploration. We used the domestic chicken for the following reasons. First, chronic treatment of corticosterone induced a female sex ratio bias in most studies (see the references above). A short-term corticosterone treatment in chicken was found to induce a male bias sex ratio [26] , but chronic corticosterone treatment was not studied in chicken. Thus, studying the effect of chronic treatment in chicken may help to disentangle whether the contradictory findings are due to treatment or species differences. Second, improved understanding of mechanisms underlying sex ratio biases in this species may have important implications for commercial poultry farming as it may lead to finding means to reduce the enormous number of male chicks born in the production of laying hens that in the current practice are killed after hatch. Third, studies in the chicken could generally give more insight in the biology of sex ratio regulation in birds because much is known about their physiology and genome.
Our study differs in several aspects from other studies. First, one explanation for the inconsistent results may be that chronic elevation of corticosterone by means of implantation studies induces very unnatural profiles of the hormone, with a peak of the hormone early after implantation, often far outside the physiological range for the species, subsequently followed by a strong decrease [4] . Corticosterone feeding in pigeons resulted in sustained elevated levels of blood corticosterone [32] . We therefore applied this method now in chicken using ad libitum access to feed mixed with corticosterone, with the aim to induce chronic elevation of circulating corticosterone concentrations, disrupting the natural correlation between maternal corticosterone and body condition.
Second, in all the previous studies on corticosterone and sex ratio in birds, the sex ratio was determined by sexing embryos or hatchlings [5, 7, 15, 16, 18, 21, 24, 26, 33] . However, this means that effects on primary and secondary sex ratio cannot be distinguished in these studies. In our study, we have looked at effects of corticosterone on the primary sex ratio (here defined as the proportion of male fertile eggs determined in freshly laid eggs, i.e., without egg incubation) using a recently developed technique of sexing unincubated chicken eggs [34] . To our knowledge, this is the first study to examine the effects of corticosterone on primary sex ratio determined in unincubated eggs of any birds species. We studied the relations between treatment, hen blood plasma corticosterone concentration, fertility rate, laying rate, hen body mass, and egg sex ratio per hen to analyze possible underlying mechanisms for sex ratio bias.
MATERIALS AND METHODS

Housing Conditions, Inseminations, Corticosterone Feeding, Body Mass Measurements, and Egg Collection
The study was approved by the Animal Experiment Committee of the Animal Sciences Group of Wageningen University and Research Centre, Lelystad (Approval ID 2010076). Sixty hens and 15 cocks of a brown layer line, kindly provided by ISA BV, the layer breeding division of Hendrix Genetics, and 40 wk of age, were housed individually in large ground cages, provided with litter and a roosting bar, with ad lib access to feed and water and 16L:8D at 258C. Hens were randomly assigned to the control and corticosterone feeding groups with 30 hens per group. The hens had visual and audio contact with each other and only audio contact with the cocks. The cocks were trained for semen collection, and the hens were artificially inseminated twice weekly with a volume of 0.2 ml of 4-fold diluted semen during the entire experiment, starting after the start of acclimatization. This means that the third insemination occurred 3 days before the start of egg collection, that is, the sperm reservoir had been established well before ovulation of the first collected egg. Defining the day of start of corticosterone treatment as Day 0 (treatment started at 1600 h), acclimatization to individual housing began on Day À9. Eggs laid on Day 0 were not considered for analysis because the eggs were laid before starting the treatment. Because it is assumed that corticosterone could affect the sex ratio by affecting meiosis [26] and the latter takes place and is completed about 26-28 h before oviposition [26, 35] , therefore, the egg laid on Day 1 were not considered for analysis as those had meiosis before starting the treatment. Treatment was implemented from Day 0 to 13 (14 days), and eggs were collected from Day 2 to 13 (12 days). The corticosterone group hens were fed corticosterone mixed feed (1 kg feed contained 20 mg of corticosterone powder preparation from Sigma, C2505-500MG) under ad libitum conditions. The dosage of corticosterone/kg feed was determined after a pilot experiment with different dosages (30 and 40 mg corticosterone/kg feed) in the range of corticosterone values used in earlier studies (e.g., [32] ). We found that 30 or 40 mg corticosterone/kg of feed did not affect the fertility rate but resulted in a decrease in laying rate of hens. Therefore, we chose a lower level of corticosterone (20 mg/kg of feed) for the final experiment. Eggs were collected in the morning and marked with the date and hen number and directly stored at 178C until processing the same day or the next day. A total of 299 (83.06% laying rate) and 353 (98.06% laying rate) eggs were laid by the corticosterone and control groups, respectively, during the 12 days of egg collection (Days 2-13). The laying rate in both groups during initial days of start of treatment was very high and of the same order of the laying rate of the control hens during the experiment (98%). In the corticosterone group, the laying rate was still high in Days 2-5 (97%), gradually declining on later days to finally reach a laying rate of 67% in Days 10-13. Fertility status and sex of all the eggs laid were successfully determined except for seven eggs in the corticosterone group and nine eggs in the control group. Fertility rates (fraction of fertile eggs, i.e., number of fertile eggs divided by the total number of eggs; see the section below for the method to determine fertility of eggs) in the corticosterone and control group were 70% and 82%, respectively. Body mass of all the hens were measured at the start (i.e., Day À9 of treatment) and the end of the experiment (Day 13 of treatment).
Blastodisc Isolation and Sexing Using PCR
Blastodiscs were isolated using a technique similar to that described previously [36] . Isolated clean blastodiscs free of yolk were stained with Hoechst 33342 for determining the fertility of egg as described previously [34] . Then, the blastodiscs of fertile eggs were suspended in approximately 20 ll of PBS and frozen at À208C until use for nucleic acid extraction. The sex of the blastodiscs was determined according to the method described previously [34] . In brief, nucleic acids were isolated from blastodisc samples using proteinase K digestion as described previously [37] . DNA pellets were washed in 70% ethanol, air dried, and dissolved in 25 ll of RNase-free water. Subsequently 20 ng of nucleic acid was used in the polymerase chain reaction to amplify the CHD1 gene using primer pair 2550F/2718R [38] . CHD1 gene fragments of 450 bp (CHD1-W) and 600 bp (CHD1-Z) are amplified from the W and Z chromosome-specific CHD1 genes, respectively [38] .
Blood Plasma Sample Collection
Blood samples were obtained to determine circulating levels of corticosterone in corticosterone group hens on Days 5, 7, and 10, and in the control group hens on Day 10. To minimize handling stress, blood was obtained from different subsets of 10 hens per sampling day, so each hen was sampled only once. Blood samples were collected at 1100 h by brachial venipuncture within 3 min after catching the birds to avoid elevations of corticosterone levels due to stress response. Approximately 1 ml of blood was collected in heparinized blood collection tubes and kept on ice until the isolation of plasma. Plasma was separated from blood samples by spinning at 2000 rpm for 10 min. Isolated plasma samples were frozen at À708C until use for hormone concentrations determinations.
Corticosterone Hormone Analysis
Corticosterone extraction from plasma samples was according to procedures as described by Goerlich et al. [17] . To calculate recoveries, 2500 cpm of tritiated corticosterone (product number NET399; Perkin Elmer) was added to all the samples. Briefly, double dichloromethane extraction was followed by single methanol extraction in which 1 ml of 70% methanol was added to the extracts, vortexed, and placed at À208C overnight. The following morning, samples were centrifuged for 5 min at 2000 rpm at 48C, and the methanol phase was decanted and dried under a nitrogen evaporator. The residue was resuspended in 300 ll PBS. PBS used was prepared after mixing 5.3 g of NaH 2 PO 4 H 2 O, 16.35 g of Na 2 HPO 4 7H 2 O, 9 g of NaCl, and 1 g of gelatin in up to 1000 ml of distilled water. One gram of NaN 3 was mixed in 1000 ml of prepared PBS, and the pH of the solution was adjusted to 7.10 using NaOH. Recoveries were on average 77% 6 5.3%. Corticosterone concentrations in plasma samples were measured using the ImmuChem Double Antibody Corticosterone radio immunoassay kit from MP Biomedicals Germany (07-120102). The assay was validated by measuring serial dilutions of plasma samples containing high concentrations of corticosterone. We calculated the coefficients of variation based on assay controls and standard curves. All the samples were measured in one radio immunoassay test, and the average intraassay coefficients of variations was 3.7 %.
Statistical Analysis
Statistical analysis was performed using software R2.12.2 developed by R Development Core Team [39] . Normal distribution of the data was confirmed. Differences in corticosterone concentration between the treatment and control group and between different days of sampling in the treatment group were tested using independent and paired t-tests respectively. The effect of treatment on the change in hen body mass between day of start (Day À9) and end (Day 13) of the experiment was tested with mixed effects modeling with the hen as the random factor, using the nlme (linear and nonlinear mixed effects) package.
Because the effect of the corticosterone treatment could build up over time, the interaction of treatment with day of treatment was tested for predicting the sex, laying status, and fertility status of each egg using logistic regression with the hen as the random factor, using the lme4 package. To test the main effect of the treatment, the interaction term and day of treatment were removed from the model.
ASLAM ET AL.
In addition to these analyses, we analyzed whether the egg parameters (see below) are affected by other predictors, such as body mass and corticosterone levels that were measured only at a particular day and the corticosterone treatment. Therefore, instead of predicting single egg parameters as described above, we had to use as dependent variables egg parameters averaged over all the eggs per hen for all her eggs collected during the 12 days of the egg collection period (Days 2-13). These included: overall egg sex ratio per hen (fraction of male eggs per hen, i.e., number of male eggs divided by number of eggs sexed), the overall laying rate per hen (fraction of laid eggs per hen, i.e., number of egg laid divided by number of days of egg collection), and the overall fertility rate per hen (fraction of fertile eggs per hen, i.e., number of fertile eggs divided by the total number of eggs laid by that hen). Using these calculations, we first tested in stepwise backward regressions the interaction of the treatment times the hen body mass (body mass at either Day À9 or 13 of experiment) for predicting overall egg sex ratio per hen, laying rate per hen, and fertility rate per hen using logistic regression. Additionally, we used instead of body mass at Day À9 or 13, the change in body mass between these days. We initially also tested for the three-way interaction between treatment, time, and (change in) body mass, but these never approached significance and were left out from further analyses. To study the direction and strength of the associations for each treatment group, the association of (the change in) hen body mass with overall sex ratio per hen, laying rate, and fertility rate per hen were tested for data of each treatment group separately.
Hen body mass at Day 13 significantly negatively predicted both the laying and fertility rate per hen as well as sex ratio per hen in the corticosterone group (see the Results section). This suggested that the effects of hen body mass on sex ratio could be due to its effects on laying and fertility. Indeed, it has been suggested that sex ratio biases might come about by sex-specific follicle abortion or sex-specific fertilization [29, 30] . Therefore, using stepwise backward logistic regression, in the corticosterone group, we tested the interaction of hen body mass with laying rate per hen and fertility rate per hen, respectively, for overall sex ratio per hen. To study the main effects of laying and fertility rates on the sex ratio, the interaction term and hen body mass at Day 13 were subsequently removed. To study these main effects in the control group, the associations of laying and fertility rate per hen itself with overall sex ratio per hen were also studied in the control group. Using the data of the corticosterone group, the interaction of change in hen body mass (between Days À9 and 13) with laying and fertility rates per hen was also tested for explaining variation in the sex ratio per hen.
To disentangle the effect of experimentally elevated circulating corticosterone concentration and body mass on sex ratio, laying rate, and fertility rate, the effects of plasma corticosterone concentrations of the corticosterone group hens sampled at Day 7 and 10 (when elevated levels of corticosterone were seen) in interaction with hen body mass at the end of the experiment (Day 13) were studied on overall egg sex ratio per hen, laying rate per hen, and fertility rate per hen using logistic regression models that also included day of blood sampling as the covariate. The separate effects of hen body mass and plasma corticosterone concentrations (with day of sampling as covariate) on egg sex ratio per hen, laying rate per hen, and fertility rate per hen were also tested separately in separate models. Additionally, using the data from the same hens, we also tested for the effect of change in body mass (between Days À9 and 13) by itself on egg sex ratio per hen, laying rate per hen, and fertility rate per hen or interaction with corticosterone concentrations.
RESULTS
Effect of Treatment on Plasma Corticosterone and Change in Body Mass
Plasma corticosterone concentrations significantly increased during corticosterone feeding treatment. In the corticosterone group, the corticosterone concentrations were significantly higher at Days 7 (P ¼ 0.02) and 10 (P ¼ 0.008) compared with Day 5. The level of the corticosterone-fed hens on Day 5 was similar to that of the control hens (on Day 10) (see Fig. 1 ). The body mass of the hens at the start of the experiment (Day À9) was 1802 6 119 g and 1798 6 108 g for the control and corticosterone groups, respectively (mean 6 SD). The average increase in hen body mass (6 SD) from Day À9 to 13 was 80.6 6 60.9 g and 52.3 6 50.7 g in the corticosterone and the control groups, respectively, with a significant positive effect of treatment (n ¼ 58, estimate ¼ 28.27, z ¼ 1.92, P ¼ 0.05).
Effect of Treatment in Association with Day of Treatment on Egg-Laying Probability per Day, and Fertility Status and Sex of the Eggs
Egg-laying probability. The interaction of treatment times the day of the treatment significantly predicted egg-laying probability per day (n¼ 706, estimate¼À0.24, z¼À1.96, P¼ 0.04). After removing day and interaction of day with treatment, treatment significantly negatively predicted the egg-laying probability per day (n ¼ 706, estimate ¼À2.14, z ¼À4.77, P , 0.0001).
Fertility status of egg. The interaction of treatment times the day of the treatment did not significantly predict fertility status of each egg (n ¼ 636, estimate ¼ À0.07, z ¼ À1.21, P ¼ 0.22). After removing day and interaction of day with treatment, the treatment significantly negatively predicted the fertility status of each egg (n ¼ 636, estimate ¼ À0.94, z ¼ À2.15, P ¼ 0.03).
Sex of egg. The sex ratio calculated over all 12 days of egg collection of all 30 hens per group was 0.54 and 0.55 in the treatment and control groups, respectively. Although corticosterone concentration in the treatment group increased over time (see above), the interaction of treatment times the treatment day did not significantly predict the sex of the egg (n ¼ 458, estimate ¼ À0.02, z ¼ À0.49, P ¼ 0.62). After removing day and interaction of day with treatment, the treatment did not significantly affect sex of egg (df ¼ 58, estimate ¼ À0.01, z ¼ À0.07, P ¼ 0.94).
Effect of Treatment and Body Mass on Overall Laying Rate, Fertility Rate, and Sex Ratio per Hen
Laying rate per hen. The interaction of treatment times the hen body mass at the start (Day À9: df ¼ 56, estimate ¼À0.007, z ¼ À2.12, P ¼ 0.03) and body mass at the end of the experiment (Day 13: df ¼ 56, estimate ¼À0.008, z ¼À2.61, P ¼ 0.008) was significant for predicting the overall laying rate per hen (calculated over all the eggs from Days 2 to 13). Testing for both groups separately, hen body mass at Day À9 Fig. 2A for associations for body mass at Day 13). Change in body mass per hen from Days À9 to 13 did not significantly affect overall laying rate per hen, neither in interaction with the treatment nor by itself in any of the groups.
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Fertility rate per hen. The interaction of treatment times the hen body mass at the start of the experiment was almost significant (Day À9: df ¼ 56, estimate ¼À0.003, z ¼À1.79, P ¼ 0.07) while it was significant for the body mass at the end of the experiment (Day 13: df ¼ 56, estimate ¼À0.003, z ¼À2.25, P ¼ 0.02) for predicting overall fertility rate per hen (calculated over all the eggs from Days 2 to 13).
Testing for both groups separately, hen body mass was significantly negatively associated with overall laying rate per hen within the corticosterone group (for body mass Fig. 2B for associations for body mass Day 13). Change in body mass per hen from Days À9 to 13 did not significantly affect overall fertility rate per hen, neither in interaction with the treatment nor by itself in any of the groups.
Sex ratio per hen. The interaction of treatment times the hen body mass at the start (Day À9: df ¼ 56, estimate ¼À0.004, z ¼À2.38, P ¼ 0.01) and end of the experiment (Day 13: df ¼ 56, estimate ¼ À0.004, z ¼ À2.86, P ¼ 0.004) was significant for predicting the overall egg sex ratio per hen. Testing for both groups separately, hen body mass at the start of the experiment (Day À9) was not significantly associated with overall egg sex ratio per hen in the corticosterone group (df ¼ 28, estimate ¼ À0.001, z ¼ À1.13, P ¼ 0.25) but significantly positively associated in the control group (df ¼ 28, estimate ¼ 0.002, z ¼ 2.29, P ¼ 0.02). For body mass at the end of the experiment (Day13), this association was significantly negative in the corticosterone group (df ¼ 28, estimate ¼À0.002, z ¼À2.39, P ¼ 0.01) and not significant in the control group (df ¼ 28, estimate ¼ 0.001, z ¼ 1.66, P ¼ 0.09) (see Fig. 2C for associations at the end of the experiment, Day 13). Change in body mass per hen did not significantly affect overall egg sex ratio per hen, neither in interaction with the treatment nor by itself in any of the groups.
Relation of Laying Rate and Fertility Rate with Egg Sex Ratio in Association with Hen Body Mass
The fact that overall laying rate, fertility rate, and sex ratio per hen (see above) were all negatively associated with hen body mass at Day 13 in the corticosterone group suggested that sex ratio is also directly associated with laying rate and fertility rate per hen. Therefore, sex ratio per hen in the corticosterone group was predicted by laying rate or fertility rate per hen and their interaction with body mass in separate stepwise backward regression models (Table 1) . For both laying rate and fertility rate per hen the interaction was not significant. After removing the interaction from each model, the main effect of hen body mass was not significant in each model and a significant positive association was found for laying rate per hen. After further removing the hen body mass from each of the models, each of laying and fertility rate per hen was significantly positively associated with egg sex ratio per hen in the corticosterone group (see Table 1 ). For the control group, we have separately tested the main effect of laying rate and fertility rate per hen on egg sex ratio per hen, and these were nonsignificant (laying rate per hen: df ¼ 28, estimate ¼ 2.12, z ¼ 0.67, P ¼ 0.50; fertility rate per hen: df ¼ 28, estimate ¼ À1.82, z ¼À1.28, P ¼ 0.19). See Figure 3 for the association of the overall sex ratio per hen with overall laying rate (panel A) and fertility rate per hen (panel B) in the corticosterone and control groups. The interaction of the change in body mass per hen with either fertility rate per hen or laying rate per hen did not significantly predict the sex ratio per hen.
Disentangling Effects of Corticosterone and Body Mass
Using the data of Days 7 and 10 blood sampled hens from the corticosterone group, the interaction of plasma corticosterone concentration times the hen body mass (Day 13) was not significant for predicting overall laying rate, fertility rate, and sex ratio per hen (see Table 2 ). After removing the interaction, the hen body mass significantly negatively predicted overall laying rate, fertility rate, and sex ratio per hen. Corticosterone plasma concentrations showed a marginally significant (positive) effect only on fertility rate, which would not hold when correcting for testing three dependent variables. When testing the effects of hen body mass and corticosterone concentration separately on overall laying rate, fertility rate, and sex ratio per hen in separate models, similar effects were seen as in the combined model (see Table 2 ). Using the data from the same hens, change in body mass per hen did not significantly affect overall laying rate, fertility rate, and sex ratio per hen, neither in interaction with corticosterone concentration nor by itself.
DISCUSSION
This is the first study in which the effect of corticosterone on primary sex ratio is tested using successfully a technique to sex unincubated eggs. In addition, in contrast to other studies, we manipulated corticosterone via their food, resulting in a gradual increase of circulating levels of corticosterone within the physiological range. Overall, the sex ratio was not different in the control and corticosterone groups, but the association of sex ratio with body mass was different in the two groups (see Fig. 2C ), that is, corticosterone treatment did affect sex ratio in interaction with hen body mass. In the corticosterone group, body mass had a negative association with sex ratio, laying rate, and fertility rate per hen (and laying rate and fertility rate were positively associated with sex ratio), that is, heavy hens tend to perform more poorly with respect to laying rate and fertility rate, and tend to have a female sex ratio bias, when treated with corticosterone.
In our experiment, the corticosterone treatment by itself did not affect the sex of the egg. In a number of previous studies in other bird species, a main effect of corticosterone was reported. In these studies, chronic corticosterone treatment by either silastic implants or by feeding corticosterone the way we did resulted in a lower sex ratio [4] . In addition, plasma corticosterone concentration was negatively associated with the offspring sex ratio in manipulated or unmanipulated birds [5, 10, 16, 24, 32] , but see [25] . Another difference between our study and these previous studies is that we found a decrease in laying and fertility rates as a main effect of corticosterone treatment, with a clear positive association of laying and fertility rate (per hen) with sex ratio per hen, which was not found in these previous studies. In our study, we have used ASLAM ET AL. ASLAM ET AL.
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commercial layer hens. These animals have been intensively selected for laying very long series of eggs, with one egg a day, pushing events related to ovulation, fertilization, and egg production toward their limit. Therefore, any change of ovarian physiological function (discussed below) could perhaps more easily result in lowered laying rate and fertility rate in our laying hens than in the other species mentioned above. In untreated hens (control), we found a positive relation between hen body mass and sex ratio. Also, Parker [12] reported a positive association of sex ratio with hen body condition in chickens under unmanipulated conditions. The positive association of body condition with offspring sex ratio is in line with the sex allocation theory. The chicken is a sexually dimorphic species and females are the smaller-less costlier-sex [40] and have lower reproductive variance than males [41, 42] . According to the sex allocation theory, in such species, a positive association may be expected between female body conditions and sex ratio [2] . This was actually found in a number of bird species [9, 10, [12] [13] [14] [15] [43] [44] [45] .
In our experiment, corticosterone treatment affected sex ratio as well as laying rate and fertility rate per hen in interaction with hen body mass. In this treatment group, the body mass was negatively associated with sex ratio, fertility rate, and laying rate per hen, with a negative main factor effect of treatment also being found on the latter two. The interaction of treatment with hen body mass for predicting the sex ratio per hen was already seen when taking the body mass before the start of the treatment in the analyses (Day À9). This indicates that there were intrinsic differences between light and heavy hens with regard to their reaction to the corticosterone treatment. This suggests that some factor related to body mass acts together with corticosterone to modulate the ovarian functions, perhaps because both the hormone and body mass affect metabolic processes. Change in body mass between the day of the start and end of the experiment was not associated with sex ratio, fertility rate, and laying rate per hen, though treatment positively affected the change in body mass. However, interactions were stronger (lower P values) when taking body mass at Day 13 as compared to body mass at the start of the experiment.
In the present study, we have used unincubated eggs. Therefore, the observed sex ratio bias cannot be a consequence of sex-specific embryonic death during incubation as described previously [22, 23] . In the corticosterone group, body mass was negatively associated with sex ratio and also with laying rate and fertility rate per hen. This suggests that these three parameters are connected at the level of ovarian physiology. A hypothesis for the mechanism for the effect on the sex ratio should explain at the same time also the effects on laying rate and fertility rate per hen. In mammals, the effects of glucocorticoids were reported to interfere with meiosis in pigs [46] , mouse [47] , and sheep [48] , while in the latter two studies more specifically, it was reported that glucocorticosteroids interfere with microtubule organization and chromatin condensation during oocyte maturation. Increased cortisol levels due to acute restrain stress or due to injections in mice impaired developmental potential and ovulation of oocytes [49] . Stress in mice [50] and rats [51] due to restrain was shown to cause abnormal chromosomal segregation that resulted in aneuploidy. Aneuploidy is known to be a major cause of infertility in mammals [52] [53] [54] . It may be assumed that such effects of corticosteroids also apply to birds. Indeed, in a number of studies in birds, it was concluded that corticosterone could affect sex ratio [5, 10, 16, 24] , and asymmetric segregation of sex chromosomes during meiosis (meiotic drive) has been proposed as mechanism of sex ratio bias [4, 18, 24, 26, 27, 29, 30, 55, 56] . We propose that in our study in chicken hens, corticosterone treatment in conjunction with hen body mass affected 1) the sex ratio, by affecting the allocation of sex chromosomes to oocyte or polar body; 2) the laying rate, by nonlethal arrest of meiosis leading to skipped ovulations; and 3) the fertility rate, by lethal chromosomal aberrations leading to infertile eggs. One alternative hypothesis assumes that some factor during recruitment and the yolk deposition phase of follicles could affect both the growth rates of follicles and meiotic drive [29, 31, 57] such that follicles destined to become the preferred sex overtake other follicles. This would not explain changed sex ratio in longer sequence of eggs such as in commercial laying chicken, which have been intensively selected for egg laying and do not produce small clutches. Stepwise backward regression of statistical models to explain variation in sex ratio (SR), laying rate (LR), or fertility rate (FR) of the corticosterone group hens on the basis of hen body mass at Day 13 (BM) and plasma corticosterone concentration (Cort Subsequently, simpler models were tested as well after removing the interaction (because it was not significant). In addition, effects of BM and Cort were also tested in separate models (containing only BM or Cort as explaining variable). b df, degrees of freedom. * Significant, P , 0.05. ** Significant, P , 0.01.
